Pancreatic ductal adenocarcinoma (PDAC) is a deadly disease and a major health problem in the United States. While the cytokine TGF-β has been implicated in PDAC development, it can exert both pro-tumorigenic and anti-tumorigenic effects that are highly context dependent and incompletely understood. Using three-dimensional (3D) cultures of Kras G12D -expressing mouse pancreatic epithelial cells we demonstrated that while exposure to exogenous TGF-β induced growth arrest of the Kras G12D cells, its subsequent removal allowed the cells to enter a hyper-proliferative, partially mesenchymal (PM), and progenitor-like state. This state was highly stable and was maintained by autocrine TGF-β signaling. While untreated Kras G12D cells formed cystic lesions in vivo, PM cells formed ductal structures resembling human PanINs, suggesting that they had attained increased oncogenic potential. Supporting this hypothesis, we determined that the PM cells share salient molecular and phenotypic features with the quasi-mesenchymal/squamous subtype of human PDAC, which has the worst prognosis of any of the recently identified subtypes. Transient pulses of TGF-β have been observed during pancreatitis, a major risk factor for PDAC. Our data suggest that transient TGF-β exposure is sufficient to induce the acquisition of stable PDAC-associated phenotypes in pre-neoplastic Kras G12D cells, providing novel molecular insight into the complex role of TGF-β in tumorigenesis.
Introduction
Pancreatic ductal adenocarcinoma (PDAC) has the worst prognosis of any human cancer with an all-stage 5-year survival of 8% [1] . PDAC develops from precursor lesions called pancreatic intra-epithelial neoplasias (PanINs) that progress from low grade (PanIN-1 and 2) to high grade (PanIN-3) before becoming fully invasive PDAC [2] . This histologically defined progression is paralleled by the accumulation of genetic mutations that confer distinct transforming properties to the neoplastic cells. Early activating mutations in the proto-oncogene KRAS are followed by loss-of-function mutations in one or more tumor suppressors including CDKN2A, TP53,and SMAD4. Concurrent with progression of PanINs to PDAC is replacement of the surrounding pancreatic parenchyma with a desmoplastic tumor stroma consisting of a heterogeneous collection of cells, extracellular matrix proteins, and soluble factors thought to promote malignant progression.
One of the principal soluble factors implicated in pancreatic tumorigenesis is transforming growth factor β (TGF-β). TGF-β regulates a number of diverse processes including proliferation, pluripotency, and differentiation [3] . It induces cellular responses by binding to receptor serine/ threonine kinases, leading to the activation of both canonical (SMAD4-dependent) and non-canonical (SMAD4-independent) signaling pathways. TGF-β levels are elevated in developing and established pancreatic tumors due to its secretion by both neoplastic [4, 5] and stromal [6] cells. Approximately 50% of PDACs harbor loss-of-function mutations in TGF-β signaling components, most commonly SMAD4, consistent with TGF-β having a tumor suppressive effect [7] . This is supported by data from mouse models in which loss of Smad4 accelerates PDAC progression driven by mutant Kras [8] [9] [10] . In these models, TGF-β suppresses PDAC development by inhibiting cell growth and inducing apoptosis. However, 50% of human PDACs harbor intact TGF-β signaling components, indicating that in many tumors the suppressive function of this signaling axis can be bypassed. Furthermore, SMAD4 loss occurs during the advanced stages of human PDAC development [11] , suggesting that the tumor suppressive mechanisms of TGF-β signaling have a relatively small impact on the early stages of disease development. TGF-β has also been shown to induce pancreatic cancer cells to undergo epithelial-tomesencymal transition (EMT) [12] , a process that can promote invasion and metastasis [13] . While heterozygous loss of Smad4 in Kras-driven mouse models indeed suppresses EMT and metastasis, homozygous loss paradoxically leads to increased metastasis [10] . Collectively, these observations suggest that the phenotypic output of TGF-β signaling varies in a context and dose-dependent manner during PDAC development and progression.
In the present study, we exploited a three-dimensional (3D) culture system to characterize the responses of pancreatic epithelial cells harboring mutant Kras to TGF-β exposure. We demonstrated that transient exposure of Kras G12D cells to TGF-β was sufficient to induce their transition to a highly proliferative state that was associated with the acquisition of mesenchymal and progenitor-like properties. This phenotype was highly stable and was maintained by autocrine TGF-β signaling. Moreover, markers of this phenotype are expressed by human PDAC subtypes associated with more aggressive disease. These data uncover a previously unappreciated role of TGF-β signaling dynamics in PDAC development.
Results and discussion
Transient TGF-β exposure alters cellular architecture and increases proliferation of Kras G12D cells
To investigate the response of pre-neoplastic pancreas cells to TGF-β exposure, LSL-Kras G12D ;p48-Cre mice (KC) [14] were used in which Kras G12D is expressed within all ; p48-Cre (KC, ref. [14] ) mice between 3.5 and 4.5 weeks of age as described previously [35] , except that the cells were plated on Matrigel (354234, Corning; Corning, NY, USA). Following 3 days in culture at 37°C in 5% CO 2 in air, the resulting ductal structures were removed from the Matrigel using Dispase (50 U/mL for 15 min at 37°C
; 354235, Corning), trypsinized (0.05%, 2 × 3 min at 37°C, Gibco, Gaithersburg, MD, USA), and then embedded in Matrigel as described previously [16] . Cells were treated without (untreated) or immediately with (post-exposure) human recombinant TGF-β1 (500 pg/mL; 240-B-002, R&D systems; Minneapolis, MN, USA) added to the culture medium. After 2 days, the TGF-β was removed and the cells were propagated for 4 weeks, after which experiments were performed. Media was replaced every two days. a Bright field images of live cells and hematoxylin and eosin (H&E; HHS32, HT110332 Sigma) stained sections are shown. Scale bars, 100 μm. b Bright field and fluorescent live images of TGF-β-treated cells stained with Hoechst 33342 (H1399, ThermoFisher; Waltham, MA, USA) and SYTOX Orange (S11368, ThermoFisher) according to the manufacturer's protocols are shown. For (a) and (b), bright field and fluorescence images were obtained using a Zeiss Axiovert 200M microscope. Cells were prepared for cryosectioning [36] followed by H&E staining [16] as described previously with de-paraffinization and dehydration steps omitted, and imaged using a Nikon Eclipse 80i microscope. All images were processed using ImageJ and Adobe Photoshop software. Images are representative of five independent isolates. c Relative cell number of three independent isolates as determined by manual cell counting using a hemocytometer is shown. Error bars indicate mean ± SD from independent experiments (n = 4-5). P values determined using a Student's t-test (unpaired, two tailed). **P < 0.001. ***P < 0.0001. All animal care and procedures were approved by the Institutional Animal Care and Use Committee at NYU School of Medicine pancreatic epithelial cells by p48 promoter-driven Cre recombinase-mediated excision of the LSL stop cassette. In KC mice, lesions resembling human PanINs develop with the potential to progress to PDAC. Pancreas explants were prepared from 4-week-old KC mice (i.e., prior to PanIN formation) and subsequently used to generate a 3D cell culture by embedding the cells in Matrigel. Under these conditions, the Kras G12D cells (hereafter referred to as KC cells) formed hollow spheres that could be passaged weekly for at least one year (Fig. 1a ), in agreement with previous reports [15, 16] . Analysis of the cultured cells for the expression of specific linage markers showed high levels of expression of the epithelial marker Krt8 (CK8) and negligible levels of immune, mesenchymal, and islet cell markers ( Figure S1A ) confirming their epithelial identity.
To assess the effect of TGF-β on pre-neoplastic pancreas cells, KC cells were treated with recombinant TGF-β1 (hereafter referred to as TGF-β) and characterized morphologically. Within 2 days of exposure to TGF-β, the KC cells adopted a filled-sphere architecture. To test the reversibility of this response, the TGF-β-containing medium was replaced with normal growth medium (hereafter, transient TGF-β). The TGF-β-induced filled-sphere phenotype was maintained in subsequent passages even in the absence of exogenously added TGF-β (Fig. 1a,b) . These structures were composed exclusively of viable cells (Fig. 1b) . Filled-sphere architecture in 3D cultures is associated with dedifferentiated or stem-like phenotypes [17] . For example, whereas PanIN and primary PDAC cells form hollow spheres in 3D cultures, metastatic PDAC cells, which have stem-like properties [18] , form filled spheres [15] .
The KC cells also growth arrested prior to removal of exogenous TGF-β (data not shown) consistent with its well documented growth-suppressing effect [3] . However, following removal of TGF-β, the cells regained a proliferative capacity that was significantly greater than baseline (Fig.  1c) . This post-exposure hyper-proliferative filled sphereforming phenotype was maintained for at least 6 months following TGF-β removal. These results indicate that despite the transient nature of the exposure of KC cells to TGF-β, the transition that the cells undergo leads to a stable phenotype. By contrast, continuous TGF-β exposure resulted in filled sphere formation and stable growth arrest (Figures S1B and S1C), suggesting that transient TGF-β exposure is unique in its ability to induce a hyperproliferative phenotype.
Transient TGF-β exposure causes KC cells to undergo a partial EMT and acquire progenitor-like properties
To understand the molecular changes associated with the filled sphere transition, the transcriptional profiles of untreated and transiently exposed KC cells were assessed by RNA sequencing. Gene set enrichment analysis (GSEA) was performed using curated gene sets and oncogenic signatures in the Molecular Signatures Database (MSigDB) [19] . Transient TGF-β exposure induced a number of gene sets related to EMT (Fig. 2a) that included transcription factors (Zeb1, Zeb2, Snai1, Snai2, Twist1, Twist2), intermediate filaments (Vim), and cell adhesion molecules (Cdh2, Epcam) (Fig. 2b) . A subset of the most differentially expressed genes was validated by qRT-PCR (Fig. 2c) and protein-based assays ( Figures S2A and S2B) . Notably, Ecadherin levels were unchanged in response to transient TGF-β treatment ( Fig. 2c and S2A ) and TGF-β-treated cells displayed the normal junctional localization of E-cadherin ( Figure S2C) . As E-cadherin loss or mislocalization is the cardinal hallmark of EMT [13] , we concluded that transient TGF-β exposure induced a partial EMT phenotype, which we will henceforth refer to as partially mesenchymal (PM).
While the completion of EMT is thought to be a critical step in tumor evolution and a prerequisite for invasion and metastasis, emerging data suggest that partial EMT may also contribute to tumor development. Forty-five percent of human PDACs contain vimentin-expressing tumor epithelial cells [20] . Furthermore, transcriptomic analysis of human PDAC samples has identified a quasi-mesenchymal subtype with distinct biological properties and clinical behavior [21] . In the mammary system, partial EMT has been associated with acquisition of stem-like properties [17] . Interestingly, the PM cells that evolved following transient exposure to TGF-β were found to express gene sets associated with liver development (Fig. 2d) . A number a,d,g ) GSEA enrichment plots of the indicated gene sets amongst the genes upregulated in post-TGF-β exposure KC cells relative to untreated KC cells are shown. NES, normalized enrichment score. RNA was isolated using an RNeasy mini kit (74104, QIAGEN; Venlo, Netherlands) from cells generated from LSL-Kras G12D ;Pdx1-Cre;LSL-YFP (KCY) [18] mice, which behaved identically to KC cells. Three technical replicates per experimental group from one isolate were analyzed by RNA sequencing. Genomic DNA was removed using an RNase-free DNase kit (79254, QIAGEN). RNA sequencing was performed using an Illumina HiSeq2500 instrument. To generate differential expression values, sequencing results were demultiplexed and converted to FASTQ format using Illumina Bcl2FastQ software. Paired-end reads were aligned to the mouse genome (build mm10/ GRCm38) using the splice-aware STAR aligner [37] . PCR duplicates were removed using the Picard toolkit (http://broadinstitute.github.io/picard). The HTSeq package [38] was utilized to generate counts for each gene based on how many aligned reads overlap its exons. These counts were then normalized and used to test for differential expression using negative binomial generalized linear models implemented by the DESeq2 R package [39] . P values were corrected for multiple hypothesis testing using the Benjamini-Hochberg method [40] . Results were considered significant when P < 0.05. This data is publicly available via the Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/), accession #GSE101659. The Gene Set Enrichment Analysis (GSEA) software [19] was run using the curated gene sets and oncogenic signatures from the Molecular Signatures Database (MSigDB). (b,e) Heat maps of representative EMT and de-differentiation signature genes are shown. Expression levels shown are representative of log 2 (x + 1) transformed normalized read counts in each replicate. Expression relative to the maximum (red) and minimum (blue) level per gene across samples is shown. Heat maps were generated using GENE-E software (https://software.broadinstitute.org/GENE-E/). (c,f) mRNA levels of differentially expressed genes as measured by qRT-PCR are shown. Reverse transcription was performed using a QuantiTect reverse transcription kit (205311, QIAGEN). USB HotStart-IT SYBR Green qPCR Master Mix (75762, Affymetrix; Santa Clara, CA, USA) was used for amplification. See Table S1 for a list of primers used in this study. Samples were amplified on the Stratagene Mx 3005P. Differences in expression were determined using the 2 −ΔΔCT method [41] using RPS29 as a housekeeping control. Expression levels from one isolate representative of the four individual isolates tested are shown. Three technical replicates were used per experimental group per isolate. Error bars indicate mean ± SD from three technical replicates. P values determined using a Student's t test (unpaired, two tailed). *P < 0.05. **P < 0.001. ***P < 0.0001. NS, not significant. (h) Quantification of sphere formation capacity is shown. One sphere formation assay was performed per isolate for the four individual isolates tested. Cells were plated at densities ranging from 2000 cells/ well to 0.25 cells/well, eight replicates per dilution, under conditions described previously to enrich for mammary stem cells [17] . Following a 7-day incubation, the presence or absence of spheres was ascertained using bright field microscopy. Data is represented as the estimated percentage of cells able to form spheres, as calculated using ELDA statistical software [42] , with error bars indicating the upper and lower limits of a 95% confidence interval. p values for differences between groups were generated by the software. ***P < 0.0001 See Fig. 2c for methods. (c) Bright field images are shown from a single isolate representative of three independent isolates tested. PM cells were either not treated (Control) or treated with the TGF-βR1 kinase inhibitor LY364947 (1 μg/mL; 616451, EMD Millipore; Mahopac, NY, USA) for 6 days (TGF-βi). Scale bars, 100 μm. See Fig. 1a for image capture and processing methods. (d) Relative cell number of three independent isolates as determined by manual cell counting using a hemocytometer is shown (Cells from isolate 8503 were generated from a KCY mouse [see Fig.  2a] ). PM cells were treated with DMSO (Control) or LY364947 (TGFβi) for 6 days. Error bars indicate mean ± SD from three technical replicates. P values determined using a Student's t test (unpaired, two tailed). *P < 0.05. **P < 0.001. (e) Quantification of sphere formation capacity is shown. PM cells were treated with DMSO (Control) or LY364947 (TGF-βi) for 6 days. One sphere formation assay was performed per isolate for the three isolates tested. See Fig. 2h for methods. Data represented as described in Fig. 2h . *P < 0.05. ***P < 0.0001. (f,g) mRNA levels of EMT (f) and de-differentiation signature (g) genes as measured by qRT-PCR are shown. PM cells were either not treated (Control) or exposed to LY364947 (TGF-βi) for 6 days. Expression levels from one isolate representative of the three individual isolates tested are shown. See Fig. 2c for methods of the differentially expressed liver genes were validated by qRT-PCR (Cp, Saa3, Trf, Hp, Crp, C3, Alb) (Fig. 2f) . As the liver is derived from foregut endoderm [22] , which also gives rise to the pancreas, these data suggest that the PM cells have attained a progenitor-like state. Supporting this hypothesis, markers of several other foregut endoderm lineages, including intestinal stem cells (Olfm4, Igfbp4, Sox9, Lgr5) and intestinal tuft cells (Dclk1), were similarly upregulated in PM cells (Fig. 2e,f) . In addition, the PM cells expressed gene sets associated with stem cell phenotypes (Fig. 2g) and had much higher sphere-forming potential than untreated KC cells in a sphere formation assay (Fig.  2h) , a well-established method to select for functional stem cells [17, 23] , confirming that they had acquired stem-like properties.
It is noteworthy that pancreatic progenitor markers Mnx1, Nkx2-2, Gata6, Hnf1b, and Pdx1 were downregulated in PM cells relative to untreated KC cells in the RNA sequencing dataset ( Figure S2D) . Furthermore, the SHH and Notch pathways did not appear markedly activated in the PM cells based on expression of downstream target genes (data not shown). Given that foregut endoderm development precedes pancreatic progenitor cell formation, these data are in line with the notion that the PM cells have acquired a pre-pancreatic progenitor-like state. These data reveal a previously unappreciated capacity for pancreas cells to activate genetic programs specific to multiple foregut endoderm lineages and introduce an additional level of context-dependent pancreas cell plasticity.
Markers of the PM state are expressed in human PDAC and are associated with aggressive disease As some of the markers associated with the PM state, e.g., Olfm4, Cp, are among the most upregulated genes in human PDAC [24] and Olfm4 has been associated with worse prognosis [25] , we sought to further investigate the potential functional relevance of the PM state to human PDAC. Recent tumor sequencing studies have described molecularly and clinically distinct PDAC subtypes [21, 26] . We found the quasi-mesenchymal/squamous subtype of particular interest as this group of PDAC tumors is partly defined by expression of a gene program enriched for TGF-β and WNT signaling components and also features suppression of pancreatic progenitor genes by hypermethylation. This subtype, like the PM cells described in this study, displays both epithelial and mesenchymal features. Notably, tumor subtypes with quasi-mesenchymal features are associated with the most aggressive disease in PDAC [21] and other organ systems [17, 27] . By GSEA, the TGF-β and WNT signaling module from the quasimesenchymal/squamous subtype (GP3 as described in ref. [26] ) was significantly enriched in PM versus untreated KC cells ( Figure S3A ). In addition, a six-gene panel specific to a mouse model of quasi-mesenchymal/squamous PDAC [26] was upregulated in the PM cells relative to untreated KC cells ( Figure S3B ). These observations suggest that PM cells may represent a precursor population for the quasimesenchymal/squamous subtype of PDAC, though further studies are required to confirm this prediction.
The PM state is maintained by autocrine TGF-β signaling An intriguing aspect of the PM state is its persistence following removal of exogenous TGF-β. Given the documented capacity of TGF-β signaling to be maintained via an autocrine mechanism [28] , we tested whether this could account for the sustained PM state. Indeed, all three isoforms of TGF-β were upregulated in PM cells (Fig. 3a,b) . In addition, PM cells expressed higher levels of BMP antagonists (e.g., Smoc1) and lower levels of BMPs (Fig.  3a) . As BMP signaling is antagonistic to TGF-β signaling [29] , this trend is consistent with TGF-β pathway activation. Furthermore, while TGF-βR2 levels were stable or modestly suppressed in PM cells, TGF-βR1 was significantly upregulated in multiple isolates tested ( Figure S4A ) as were TGF-β downstream targets Skil and Smad7 ( Figure S4B ). To test the requirement of secreted TGF-β for maintaining the PM state, PM cells were treated with the highly selective TGF-βR1 kinase inhibitor, LY364947 [30] . LY36947 treatment effectively suppressed SMAD activation and the expression of canonical TGF-β target genes in PM cells ( Figures S4C and S4D ). TGF-βR1 inhibition reversed the changes in cellular architecture (Fig. 3c), proliferation (Fig.  3d) , sphere forming efficiency (Fig. 3e) , and expression of EMT and de-differentiation genes (Fig. 3f,g ) induced by transient TGF-β exposure. Together, these data demonstrate that autocrine TGF-βR1-dependent signaling is required to maintain the PM state.
As exposure of treatment-naïve KC cells or PM cells to exogenous TGF-β1 resulted in growth arrest (data not shown), it was surprising that the hyper-proliferative phenotype of the PM cells was maintained by autocrine TGF-β signaling. Given the dose-dependent nature of TGF-β responses, differences in TGF-β levels between exogenous and autocrine conditions could explain this apparent contradiction. Furthermore, despite sharing a single receptor, TGF-β isoforms have discrete biological functions. For example, TGF-β2 elicits the upregulation of integrin β3 in mammary stem cells required for expansion of this cell population during pregnancy, whereas TGF-β1 causes this population to growth arrest [31] . While all three TGF-β isoforms were able to induce the PM state ( Figure S4E) , it is unclear which isoform(s) are responsible for maintaining it as all three isoforms were upregulated in the PM cells and the TGF-βR1 inhibitor blocks the activity of all three. It is also possible that the PM state represents the combinatorial autocrine activity of all three isoforms.
PM cells form ductal structures resembling PanINs in vivo
To investigate the functional consequences of the transition to the PM state in vivo, untreated KC or PM cells were orthotopically transplanted into the pancreata of syngeneic C57Bl/6 mice. A higher percentage of Ki67 + epithelial cells was observed in lesions derived from PM cells relative to lesions derived from untreated KC cells at one week ( Figure  S5 ), consistent with the proliferative advantage of PM cells in vitro. Indeed, two weeks following injection, PM lesions harbored significantly more epithelial cells than untreated lesions (Fig. 4a,b) . In addition, the untreated cells formed cyst-like structures lined by a single layer of epithelial cells while the PM cells formed ductal structures resembling early PanINs (Fig. 4a) . Furthermore, the transplanted PM cells expressed both E-cadherin and vimentin (Fig. 4c) , providing evidence that the PM state was maintained in vivo. These data imply that acquisition of the PM state may contribute to an increase in the oncogenic potential of KC cells.
Conclusions
Activation of KRAS is thought to be required for PanIN formation, as nearly all PanIN-1 lesions in humans harbor oncogenic KRAS mutations [2] . However, pancreatic epithelial cells in adult mice are resistant to transformation by oncogenic Kras, suggesting that oncogenic KRAS is not sufficient for PanIN formation but requires cooperation with other factors, the best characterized of which is pancreatitis [32] . Pancreatitis, a fibroinflammatory condition of the pancreas, is a significant risk factor for the development of PDAC [33, 44] . While mouse studies have established that pancreatitis cooperates with oncogenic Kras to drive PanIN Untreated or PM cells were implanted into pancreata of WT syngeneic C57/Bl6 mice (027, Charles River Laboratories, Wilmington, MA, USA) as described previously [16] . Two weeks after implantation, the mice were sacrificed and the pancreata harvested. Tissue processing, sectioning, histology, immunohistochemistry, immunostaining, and image acquisition, processing, and analysis were performed as described previously [16] . (a) Sections stained with H&E or immunostained for CK8 (insets) are shown. Scale bars, 500 or 50 μm (insets). Images shown are representative of three independent experiments performed with separate isolates (n = 4-6 mice per group). Sample size was based on previously published studies [16] . No randomization or blinding was performed. CK8 antibody (1:200, TROMA-Ic, DSHB, University of Iowa; Iowa City, IA, USA). (b) Quantification of %CK8 positive area within the lesion as determined using ImageJ software is shown [16] . Error bars indicate mean ± SD. P values determined using a Student's t test (unpaired, two tailed). ***P < 0.0001. formation [32] , the mechanisms underlying this synergism are unclear. TGF-β levels transiently rise following induction of pancreatitis in rats [34] . Similarly, using publicly available microarray data, we found that all three TGF-β isoforms are transiently elevated following induction of pancreatitis in mice ( Figure S6 ). We propose that the pulses of TGF-β observed during pancreatitis may serve to convert oncogenic KRAS-expressing cells into a PM population that can drive PanIN initiation and progression. Transient TGF-β exposure could therefore serve as a mechanism through which the oncogenic potential of mutant KRAS-expressing pancreatic cells is unmasked.
